Myocardial fibrosis caused by maladaptive extracellular matrix (ECM) remodeling is implicated in the dysfunction of the failing heart. Matrix metalloproteinases (MMPs) regulate ECM remodeling, and are regulated by cytokines. Transgenic mice with cardiacspecific overexpression of tumor necrosis factor ␣ (TNF-␣) (TNF1.6) develop heart failure. We hypothesized that modulation of TNF-␣ and͞or MMP activity might alter the myocardial ECM remodeling process and the development of heart failure. To test this hypothesis, we took advantage of the TNF1.6 mice and studied soluble and total collagens and collagen type profiling by using hydroxyproline quantification, Sircol collagen assay, Northern blot analysis, and immunohistochemistry and studied myocardial function by using echocardiography. Progressive ventricular hypertrophy and dilation in the TNF1.6 mice were accompanied by a significant increase in MMP-2 and MMP-9 activity, an increase in collagen synthesis, deposition, and denaturation, and a decrease in undenatured collagens. In young TNF1.6 mice, these changes in the ECM were associated with marked diastolic dysfunction as demonstrated by significantly reduced transmitral Doppler echocardiographic E͞A wave ratio. Anti-TNF-␣ treatment with adenoviral vector expressing soluble TNF-␣ receptor type I attenuated both MMP-2 and MMP-9 activity, prevented further collagen synthesis, deposition and denaturation, and preserved myocardial diastolic function in young, but not old, TNF1.6 mice. The results suggest a critical role of TNF-␣ and MMPs in myocardial matrix remodeling and functional regulation and support the hypothesis that both TNF-␣ and MMPs may serve as potential therapeutic targets in the treatment of heart failure. M yocardial fibrosis and maladaptive extracellular matrix (ECM) remodeling are pathognomonic findings in endstage congestive failing heart (1). Collagen fibers form the scaffolding of the myocardium and are required for the development and distribution of myocardial contractile force (2). Several distinct types of collagen can be found in the adult heart with type I collagen being predominant (3). Changes in myocardial total collagen content (4), collagen subtypes (5), and collagen denaturation as well as collagen cross-linking (6, 7) are important features of ECM remodeling and contribute to the myocardial stiffness and diastolic and systolic dysfunction seen in both animal models and patients with heart failure and may have prognostic significance. We hypothesized that modulation of myocardial matrix metabolism through regulation of upstream instigators of ECM remodeling could provide further insights for therapies of heart failure.
M
yocardial fibrosis and maladaptive extracellular matrix (ECM) remodeling are pathognomonic findings in endstage congestive failing heart (1) . Collagen fibers form the scaffolding of the myocardium and are required for the development and distribution of myocardial contractile force (2) . Several distinct types of collagen can be found in the adult heart with type I collagen being predominant (3) . Changes in myocardial total collagen content (4), collagen subtypes (5), and collagen denaturation as well as collagen cross-linking (6, 7) are important features of ECM remodeling and contribute to the myocardial stiffness and diastolic and systolic dysfunction seen in both animal models and patients with heart failure and may have prognostic significance. We hypothesized that modulation of myocardial matrix metabolism through regulation of upstream instigators of ECM remodeling could provide further insights for therapies of heart failure.
Recent evidence suggests that altered matrix metalloproteinases (MMPs, EC 3.4.24) may play an important role in cardiac ECM remodeling (8, 9) . MMPs are a family of functionally related enzymes that cleave matrix components, resulting in fibrillar collagen denaturation and degradation, and the synthesis of new fibrotic tissue (10) (11) (12) . That MMPs play an important role in regulating ECM turnover and in affecting myocardial geometry is seen by the finding that enhanced MMP activation found in patients with heart failure is associated with progressive left ventricle (LV) dilation and sphericalization (13, 14) . Furthermore, MMP inhibition has been shown to limit ECM destruction and improve myocardial structure and function in animal models (15) .
The expression of MMPs can be regulated at both pre-and posttranscriptional levels, and the activity of MMPs can be attenuated by physiologic inhibitors (10, 16) . However, the signaling pathway responsible for regulating MMP expression and function have not been well defined. Recent studies suggest that MMPs are increased in response to tumor necrosis factor ␣ (TNF-␣; refs. [17] [18] [19] [20] . Furthermore, transgenic mice with cardiac specific overexpression of TNF-␣ (TNF1.6) demonstrate the characteristic heart failure phenotype: reduced adrenergic responsiveness, interstitial fibrosis, and LV dilation (21) . These findings led us to hypothesize that cardiac re-expression of TNF-␣ may be responsible for increased MMPs, thus leading to ECM remodeling and myocardial dysfunction. In addition, we hypothesized that inhibition of TNF-␣ bioactivity might attenuate MMPs and matrix remodeling within the failing heart. To test these hypotheses, we assessed the activity of MMPs, collagen expression, deposition and denaturation, and myocardial function during the development of heart failure in TNF1.6 mice. We also investigated the effects of anti-TNF-␣ therapy by using adenovirus-mediated gene transfer of recombinant soluble TNF-␣ receptor type I (AdTNFRI) on myocardial ECM remodeling and function in both young and old TNF1.6 mice.
Materials and Methods
TNF-␣ Transgenic Mice and Cardiac Sample Collection. TNF1.6 mice were created by microinjection of murine TNF-␣ transgene constructs into the pronuclei of one-cell FVB mouse embryos, after which the embryos were surgically implanted into pseudopregnant mice. Founders harboring the TNF-␣ transgene were identified by PCR and used for breeding. The offspring TNF1.6 mice develop cardiac hypertrophy, dilation, and failure (21) .
TNF1.6 and FVB control mice were euthanized by methoxy- Measurement of MMP Activity. MMP activity in 100 g of myocardial extracts was measured by gelatin zymography exactly as described (9, 22) . The gelatinolytic zones were quantified by using IMAGEQUANT software (Molecular Dynamics).
Collagen Expression and Content Determination. The transcript levels of both pro␣1(I) and pro␣1(III) for type I and type III collagens were determined by Northern blot analysis using mouse pro␣1(I) and pro␣1(III) cDNA probes (23) . Total soluble collagens were extracted overnight by using 5 mg͞ml pepsin in 0.5 M acetic acid (24) . Collagen contents were determined by hydroxyproline quantification using both hydroxyproline and type I collagen as standards (25) (26) (27) . The soluble collagens included both denatured and undenatured ones with the latter measurable by the Sircol collagen assay (Accurate Chemicals). Denatured collagens lose the triple-helix structure and the ability to bind picrosirius red because of excessive exposure to MMPs.
Collagen immunohistochemistry was performed with antibodies against either mouse type I collagen (Chemicon) or human type III collagen (Biodesign International, Kennebunkport, ME). Sections were observed by using a fluorescence microscope, and the identity of the samples was blinded to the examiner. Five images were taken from each section by using the OPTIMAS image analysis software (Media Cybernetics, Silver Spring, MD) and a Sony video camera connected to the microscope. The collagen volume fraction was calculated as the area occupied by collagens divided by the total area in the visual field (28, 29) . Escherichia coli ␤-galactosidase. Both young (6 weeks old) and old (42 weeks old) TNF1.6 mice were injected in the retro-orbital veinal plexus with 10 9 plaque-forming units of AdTNFRI or AdLacZ and studied after 6 weeks (30, 31) . The young mice also were treated for 2 weeks. The final ages of each treatment group were 8 weeks, 12 weeks, and 48 weeks, respectively.
Echocardiography. TNF1.6 and FVB wild-type mice were anesthetized with i.p. injection of 2.5% Avertin (18 g͞g body weight). Echocardiography was performed with a Sequoia 512 Ultrasonograph (Acuson, Mountain View, CA). A 13-MHz linear transducer was placed on a layer of acoustic coupling gel applied to the left hemithorax. Diastolic transmitral LV inflow velocities were interrogated from angulated parasternal longaxis views by using a Doppler transducer (7 MHz) with a sample volume length of 3.5-7.5 mm. Two-dimensionally targeted Mmode and color flow mapping-guided pulsed-wave Doppler studies were performed at baseline and after i.p. administration of isoproterenol (300 ng͞g body weight).
M-mode measurements of LV end diastolic and end systolic diameters were measured (see Fig. 6a ) and used for the calculation of fractional shortening of the LV. End diastole was determined at the maximal LV diastolic dimension, and end systole was taken at the peak of posterior wall motion. Three beats were averaged for each measurement. Spectral Doppler waveforms were analyzed for peak early-and late-diastolic transmitral velocities. The E͞A wave ratio (peak early-to late-transmitral f low velocity ratio) was calculated as described (32).
Statistical Analysis. Independent t test or one-way ANOVA was applied to compare changes in different groups. Comparison among the means was performed with the post hoc StudentNewman-Kuels analysis test using the SPSS statistical analysis software (33) . The quantitative data are presented as mean Ϯ SE unless specified otherwise. Statistical significance was considered at P Ͻ 0.05.
Results

Increased Myocardial MMPs and Suppression by Anti-TNF-␣ Therapy.
The activity of MMPs as measured by gelatin zymography was increased in the myocardium of neonatal, 12-and 48-week-old TNF1.6 mice when compared with age-matched wild-type controls (Fig. 1) . MMP-9 (EC 3.4.24.35) activity was hardly detectable in wild-type mice, but was prominent in TNF1.6 mouse heart. MMP-2 (EC 3.4.24.24) activity was increased by more than 2-fold in both 12-and 48-week-old TNF1.6 mice (P Ͻ 0.015).
AdTNFRI treatment begun at 6 weeks of age abolished the activity of MMP-9 after 2 weeks. By contrast, the activity of MMP-2 was reduced to wild-type level only after 6 weeks of treatment (Fig. 2) . Thus, in the remainder of our experiments we studied the 6-week treatment time point.
ECM Remodeling and Its
Modulation by Anti-TNF-␣ Therapy. Collagens, the major components of fibrotic tissue, are the principal substrate of MMPs. The sum balance of collagen deposition is a function of both synthesis and degradation. To assess the contribution of increased collagen gene expression to fibrosis, and the regulation of collagen gene expression by AdTNFRI treatment, Northern blot analyses were performed. Relative to wild-type controls, both pro␣1(I) and pro␣1(III) collagen transcripts were significantly elevated in 12-and 48-week-old TNF1.6 mouse hearts, with pro␣1(I) reduced after AdTNFRI treatment (Fig. 3) . Increased collagen transcripts were reflected in changes at the protein level in that both type I and III collagens were increased in TNF1.6 mouse heart as demonstrated by immunohistochemistry (Fig. 4) . Hydroxyproline quantification also demonstrated an increase in both total collagens and total soluble collagens in the TNF1.6 mouse heart, and the increase was prevented by AdTNFRI treatment in 12-week-old mice. However, in older animals the same treatment failed to prevent further collagen deposition (Fig. 5C) .
The total soluble collagen can be further divided into undenatured soluble collagen, measurable by the Sircol collagen assay, and denatured soluble collagen, which is nonreactive with the Sircol collagen assay. Denatured soluble collagen can be generated by MMP activity. As shown in Fig. 5 , whereas total soluble collagen contents were increased at all ages in TNF1.6 mice relative to wild-type controls, the undenatured soluble collagen content was decreased, suggesting increased content of denatured soluble collagen and increased MMP activity, consistent with the results for measurements of MMP activity (Fig.  1) . Furthermore, AdTNFRI therapy significantly increased the undenatured soluble collagen content in young, but not in old, TNF1.6 mouse hearts (Fig. 5A) . (B) Total soluble collagen content was increased in 12-, 24-, and 48-week-old TNF1.6 mouse heart, and the increase was prevented by AdTNFRI treatment in 12-week-old TNF1.6 mice. (C) Gradual increase in total collagen content was seen in both wild-type and TNF1.6 mice, but was more apparent in TNF1.6 mice. The collagen accumulation in 12-week-old TNF1.6 mouse heart was prevented by AdTNFRI treatment. n ϭ 8 in each group. * , P Ͻ 0.05 compared with wild type; †, P Ͻ 0.05 compared with TNF1.6. Anti-TNF-␣ Therapy Improved Myocardial Diastolic Function. Changes in collagen properties have been associated with alterations in myocardial diastolic function (4, 5, 7) . Thus, the increase in collagen content and denaturation in the TNF1.6 mouse heart could be expected to cause stiffness whereas AdTNFRI treatment would be expected to improve diastolic function. As seen in Fig. 6 and Table 1 , the TNF1.6 mice developed cardiac hypertrophy by 12 weeks of age (Fig. 6d ) and marked ventricular dilation by 48 weeks (Fig. 6j) . When cardiac systolic performance was assessed by LV fractional shortening, and diastolic function by the E͞A ratio by echocardiography, 12-week-old transgenic mice did not demonstrate abnormalities in systolic performance at baseline or in response to isoproterenol; however, the E͞A ratio was significantly reduced in TNF1.6 mice relative to wild-type mice (P Ͻ 0.05), suggesting increased LV stiffness and diastolic dysfunction (34) . By 48 weeks of age there were marked abnormalities in baseline fractional shortening, as well as in response to isoproterenol (Table 1) . However, measurements of E͞A ratio could not be performed in 48-week-old mice because of atrial-ventricular conduction abnormalities and extreme chamber dilation.
That changes in collagen content and denaturation other than myocardial hypertrophy contribute to myocardial diastolic dysfunction was further demonstrated by treatment of TNF1.6 mice with AdTNFRI. The treatment did not change myocardial hypertrophy (Table 1) , but significantly reduced collagen transcripts (Fig. 3) , total collagen content, and collagen denaturation (Figs. 4 and 5) . These changes were associated with significantly improved E͞A ratio in 12-week-old TNF1.6 mice ( Fig. 6 and Table 1 , P Ͻ 0.05).
Discussion
Previous studies from our laboratory and by others have demonstrated that TNF-␣ modulates the expression of MMPs in vitro (17, 35) . In the present study we demonstrate that transgenic overexpression of TNF-␣ effects a robust increase in MMP-2 and MMP-9 activity in vivo, a change that could be demonstrated from the initial postnatal period. Increased MMPs have been previously found in the failing hearts of both animal models and humans (8, 9, 15, 36) . Several different mechanisms might account for the marked increase in MMPs in the TNF1.6 mouse heart: (i) increased stimulators of MMP-producing cells including macrophage factors, lymphokines, and soluble collagen fragments; (ii) increased cellular infiltrates; (iii) increased activators of MMPs including locally produced plasmin; and (iv) increased MMP production by cardiac cells. Interstitial infil- Fig. 6 . Echocardiographic measurement of the geometry and function of the mouse heart. LV dimensions were calculated from measurements of end-diastolic diameter (arrow 1), end-systolic diameter (arrow 2), anterior wall (arrow 3), and posterior wall (arrow 4), and E͞A wave ratio was calculated as shown in schematic M-mode (a) and Doppler (b) echocardiographic tracings. Ventricular hypertrophy in 12-week-old TNF1.6 mice (d), ventricular dilation in 48-week-old TNF1.6 mice (j) as compared with respective wild-type mice (c and i). AdTNFRI treatment had no effect on ventricular hypertrophy or dilation (e and k), but the reduced E͞A ratio in 12-week-old TNF1.6 mice (g) was prevented by the treatment (h). trates might have accounted for increased MMP-9 as the infiltration was increased and MMP-9 activity was elevated in white blood cells of TNF1.6 mice. However, infiltrating cells could not explain the marked increase in MMP-2 activity as no MMP-2 was detectable in white blood cells (see supplemental text and Figs. 7-9, which are published on the PNAS website, www.pnas.org).
Theoretically, an increase in MMP activity would result in a decrease in the MMP substrate: collagens. However, the contrary is usually true, i.e., an increase in MMP activity is accompanied by increased fibrosis whereas inhibition of MMP activity is associated with less deposition of fibrotic tissue (37, 38) . This paradox is due to the fact that the total matrix collagen content is a function of both synthesis and degradation, and degraded products of matrix proteins (matrikines) may serve as stimulators for collagen synthesis (11, 12, 39) , which may in turn result in increased deposition of poorly structured fibrotic tissue in the myocardium. Not surprisingly, in the TNF1.6 mice the increase in MMP activity was associated with an increase in the concentration of matrix collagens.
Although the difference in collagen contents between wildtype and TNF1.6 mice was more obvious in 12-week-old mice than in older TNF1.6 mice, the quality of collagens was reduced in both groups. Both total collagens and total soluble collagens were significantly increased, whereas undenatured soluble collagens were significantly reduced in TNF1.6 mouse heart. The results suggest that increased MMPs in the TNF1.6 mouse heart damaged the normal collagenous matrix. Thus, it is not surprising that these changes in collagen properties were associated with the development of progressive failure in this mouse model.
That changes in matrix collagen quantity and quality were of physiologic significance was demonstrated by the fact that diastolic function, as measured echocardiographically by the E͞A ratio, was abnormal in the TNF1.6 transgenic mice. Prevention of changes in collagens by AdTNFRI therapy significantly improved diastolic function in the TNF1.6 mouse. Treatment of TNF1.6 mice with AdTNFRI has been shown to result in high levels of soluble TNFRI in plasma as well as in the myocardium and abrogates the myocardial inflammation (31) . Six weeks of therapy with AdTNFRI in young TNF1.6 mice not only reduced MMP-2 and MMP-9 activity, but also effectively reduced collagen transcription, collagen content, and denaturation (Figs.  2-5 ). These changes were associated with marked improvement in diastolic function and supported the hypothesis that TNF-␣ regulates ECM remodeling in vivo through the regulation of MMPs. These results may be useful in interpreting the results of ongoing clinical trials assessing the efficiency of anti-TNF-␣ therapy with soluble TNF-␣ receptor in patients with chronic heart failure. Furthermore, it will be important to use techniques directly targeted at the MMPs to better understand their role in ECM remodeling and their potential as therapeutic targets in patients with heart failure.
In summary, TNF1.6 mice develop ventricular hypertrophy and dilation that are accompanied by significant increases in MMP-2 and MMP-9, collagen deposition, and collagen denaturation. In young mice, these changes are associated with marked diastolic dysfunction. Anti-TNF-␣ treatment attenuated MMPs, prevented further collagen deposition and denaturation, and improved myocardial diastolic function. These results suggest a critical role of TNF-␣ and MMP in the remodeling of myocardial matrix and regulation of myocardial function, and both TNF-␣ and MMPs may serve as a target for the treatment of heart failure.
